Abstract: R-symmetry is a fundamental symmetry which can solve the SUSY flavor problem and relax the search limits on SUSY masses. Here we provide a complete next-toleading order computation and discussion of the lightest Higgs boson mass, the W boson mass and muon decay in the minimal R-symmetric SUSY model (MRSSM). This model contains non-MSSM particles including a Higgs triplet, Dirac gauginos and higgsinos, and leads to significant new tree-level and one-loop contributions to these observables. We show that the model can accommodate the measured values of the observables for interesting regions of parameter space with stop masses of order 1 TeV in spite of the absence of stop mixing. We characterize these regions and provide typical benchmark points, which are also checked against further experimental constraints. A detailed exposition of the model, its mass matrices and its Feynman rules relevant for computations in this paper is also provided.
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Introduction
Supersymmetry is one of the most attractive concepts for physics beyond the Standard Model (SM). The Haag-Łopuszański-Sohnius theorem states that supersymmetry is the only possible non-trivial extension of the Poincaré algebra in a relativistic quantum field theory [1] . However, this theorem allows for a continuous R-symmetry, an internal symmetry which does not commute with supersymmetry, but such a continuous R-symmetry is not present in models such as the minimal supersymmetric standard model (MSSM).
A continuous R-symmetry forbids Majorana gaugino masses, so it is phenomenologically only viable provided the gaugino masses are Dirac masses, which in turn implies that the gauge/gaugino sector is the one of an N = 2 supersymmetric theory, i.e. every gauge boson has a Dirac gaugino and a scalar superpartner. Properties of Dirac gauginos have already been extensively investigated independently of R-symmetry in the literature [2] [3] [4] [5] , in particular the required theory of supersymmetry breaking and β functions have been developed [6] [7] [8] [9] . Thus supersymmetry with R-symmetry is motivated and distinct from the MSSM since it contains a continuous R-symmetry, Dirac gauginos and an N = 2 sector. A minimal viable model for this, the MRSSM, has been constructed in ref. [10] ; for models with different Rcharges see refs. [11] [12] [13] [14] . Excitingly, the MRSSM alleviates some of the most important experimental constraints on the MSSM: the R-symmetry forbids large contributions to flavor-violating observables, so the MRSSM is generically in agreement with flavor data even for an anarchic flavor structure in the sfermion sector and for sfermion masses below the TeV scale [10, 15] . Similarly, heavy Dirac gluinos suppress the production cross section for squarks, making squarks below the TeV scale generically compatible with LHC data [16] . Furthermore, models with R-symmetry and/or Dirac gauginos contain promising dark matter candidates [17] [18] [19] , and the collider physics of the extra, non-MSSM-like states has been studied [20] [21] [22] [23] [24] [25] [26] [27] .
In this paper we investigate a question of obvious importance after the Higgs boson discovery at the LHC: Is the MRSSM compatible with the measured Higgs boson mass of 125 GeV, and what are the implications of this measurement on the MRSSM parameter space? The answer is not immediately obvious since at tree level the lightest Higgs boson mass is typically reduced compared to the MSSM, due to mixing with additional scalar states. Furthermore, an important enhancement mechanism in the MSSM -large stop mixing -is not available due to R-symmetry. Therefore, additional loop effects have to increase the Higgs boson mass.
The parameters entering the Higgs boson mass prediction also affect electroweak precision observables, in particular the W boson mass m W . In addition, R-symmetry necessarily introduces an SU(2) scalar triplet, which can increase m W already at tree level. Hence we also study constraints on the model parameters and the Higgs boson mass from m W . A similar set of questions has been studied recently in ref. [28] , with the affirmative answer that the MRSSM is in agreement with the measured Higgs boson mass. Our study extends the one of that reference. We take into account the full one-loop corrections to both observables and perform extensive investigations of the parameter space. We define benchmark points illustrating different viable parameter regions and also verify that further theoretical and experimental constraints from Higgs, collider and low-energy physics are satisfied.
The following section presents the model in detail. All relevant mass and mixing matrices are provided, and the differences to the MSSM are explained. A complementary Appendix A presents useful Feynman rules. Section 3 describes the computation of the Higgs boson mass and presents a comparison of the full one-loop calculation with an approximate result for the leading MRSSM-specific contributions. Even though stops do not mix in the MRSSM a 125 GeV Higgs mass can be obtained with stop masses below 1 TeV. Section 4 provides a detailed discussion of the W boson mass and the leading contributions to the T -parameter; the details of the calculations are relegated to Appendix B. Our main results are given in section 5. The parameter dependence of both observables is discussed, viable parameter regions are identified and the detailed predictions for a set of benchmark points are given.
Model definition
Field content, superpotential and soft masses
If we assign R-charges to the MSSM superfields in such a way that all Standard Model particles have R=0 (in analogy to discrete R-parity), Majorana gaugino, the µ-term and higgsino mass terms are forbidden. Therefore, imposing R-symmetry on the MSSM requires an enlarged field content to account for non-vanishing gaugino and higgsino masses. The minimal R-symmetric extension of the supersymmetric model (MRSSM), which we will analyze, consists of the standard MSSM matter, Higgs and gauge superfields augmented by adjoint chiral superfieldsÔ,T ,Ŝ with R-charge 0 for each gauge sector, and two Higgs iso-doublet superfieldsR d,u with R-charge 2. The R-charges of the MRSSM superfields and their component fields are as listed in table 1, if by convention the fermionic coordinates θ,θ have R-charge +1, −1. With the above assignments the gauge, matter-gauge and Higgs-gauge actions of the MSSM are R-invariant, as well as the action associated with the trilinear Yukawa terms Y ddqĤd etc in the superpotential. In contrast, the standard µ term is forbidden by the Rsymmetry. However, the presence of two iso-doublet superfieldsR u andR d with R-charge 2 together with the standard iso-doubletsĤ u andĤ d allows to generate R-symmetric µ-type terms and the corresponding higgsino masses,
The appearance of the supersymmetric Higgs-higgsino mass term in eq. (2.1) can be thought of as arising from the R-symmetric operator involving the hidden sector F-type spurion
Similarly, the trilinear couplings of the electroweakT ,Ŝ adjoint chiral superfields to the Higgs doublets can be generated,
where the dot denotes contraction with 12 = +1 and where the triplet is defined aŝ 4) to have canonical kinetic terms. As we will see, these trilinear couplings will play an important role in obtaining a Higgs boson mass close to 125 GeV. Thus the MRSSM superpotential takes the form of
Note that R-symmetry also forbids all baryon-and lepton-number violating terms in the superpotential (as well as dimension-five operators mediating proton decay) [29, 30] and that the R-symmetry is being preserved when the electroweak symmetry is broken.
Turning to soft breaking, the usual soft mass terms of the MSSM scalar fields are allowed just like in the MSSM. The MSSM A-terms, however, are zero due to R-symmetry. Importantly, soft Majorana gaugino mass terms are also forbidden by R-symmetry, but the fermionic components of the chiral adjoints,Φ i =Ô,T ,Ŝ for each standard model gauge group i = SU (3), SU (2), U (1) respectively, can be paired with standard gauginos g,W ,B to build Dirac fermions and the corresponding mass terms. The Dirac masses for the gauginos can be considered as elements of a general supersymmetric theory broken softly by hidden sector spurions W α = θ α D from a hidden sector U (1) that acquires a D-term. The Dirac gaugino mass is generated from the R-symmetric operator involving the D-type spurion [4] , 6) where M is the mediation scale of SUSY breaking from the hidden sector to the visible sector, W α i represents the gauge superfield strength tensors,g i =g,W ,B is the gaugino, andg i =Õ,T ,S is the corresponding Dirac partner with opposite R-charge. Note that integrating out the spurion in eq. (2.6) generates additional terms with the D-fields and the scalar components, which leads to the appearance of Dirac masses in the scalar sector as well,
suggesting that µ d,u , B µ and soft scalar masses could be of the same order, i.e. of the order of SUSY breaking scale. Note that the bilinear coupling of the R-Higgs fields, like in eq. (2.8), has R-charge 4 and therefore is forbidden in the R-symmetric theory. Thus only the B µ term destroys the exchange symmetry between the H and R-Higgs fields. For completeness, it should be noticed that bilinear couplings of theX fields with the adjoint chiral fields can also generate contributions
to the (holomorphic) soft masses of the adjoint scalars in addition to the above soft terms. Such terms split scalar and pseudoscalar masses squared by equal amounts. If the pseudoscalar gets a negative contribution to its mass squared, it may generate color-or chargebreaking minima. Although there is no symmetry that allows non-holomorphic (2.10), but forbids holomorphic (2.11) mass terms, these terms are technically independent [4] . In the following we will not study theoretical points such as SUSY breaking mechanisms, but explore only the phenomenology of the R-symmetric low-energy theory. Therefore, for simplicity we will neglect holomorphic mass terms for S and T adjoint scalars, as well as their trilinear couplings among themselves and to the Higgs bosons since their presence does not influence our results significantly (however, see also [28] ). Thus the soft-breaking scalar mass terms read
Since R-Higgs bosons carry R-charge 2, they do not develop vacuum expectation values. Therefore, for electroweak symmetry breaking (EWSB) we write the R = 0 neutral EW scalars as
After EWSB the singlet and triplet vacuum expectation values effectively modify the µ-parameters of the model, and it is useful to define the abbreviations
14)
The minimization conditions for the scalar potential, or tadpole equations, then read 15) where the tree-level tadpoles S and m 2 T as input parameters. This can be done analytically, but the expressions have no simple form and will not be written here. Because of this, we will use those equations in the following analytical analyses only in cases where they simplify the expressions significantly, as they do in the case of the pseudo-scalar Higgs mass matrix, and only to some extent in the case of the scalar Higgs one. In other cases, the appearing v T and v S are always functions of the other model parameters and this is taken into account in numerical calculations.
Masses for the gauge bosons arise in the usual form for the Z boson, but the W boson has a contribution from the triplet vev:
This will shift the ρ parameter away from one already at the tree level and gives an upper limit on |v T | 4 GeV, which is taken into account when studying parameter points. Further consequences at higher orders will be investigated in section 4. Using the tadpole eqs. (2.16), the pseudo-scalar Higgs boson mass matrix in the basis (σ d , σ u , σ S , σ T ) has a simple form (in Landau gauge)
Due to the absence of mixing terms, the MSSM-like upper left and the singlet-triplet bottom right sub matrices are independent of each other. Therefore, the neutral Goldstone boson and one of the pseudo-scalar Higgs bosons with m 2 A = 2B µ / sin 2β will be as in the MSSM while the other two are singlet-and triplet-like. To ensure that EWSB occurs correctly, meaning no tachyons arise when diagonalizing the mass matrices, we restrict the values of m 2 S and m 2 T to always being positive. The scalar Higgs boson mass matrix in the weak basis (φ d , φ u , φ S , φ T ) is given by
with the sub-matrices (c β = cos β, s β = sin β, etc)
Again, M MSSM is MSSM-like and M 22 singlet-triplet-like, but compared to the pseudoscalar case, additional mixing exists through M 21 . Generally, this will lead to a reduction of the lightest Higgs boson mass at tree-level compared to the MSSM. An approximate formula for the reduction can be given for the lightest Higgs boson mass when using the MSSM mixing angle α to diagonalize M MSSM for large m 2
It can be seen that the upper limit of the MSSM at the tree-level is reduced by terms depending on the new model parameters. Thus one-loop contributions are important, and a detailed study will be presented in section 3.
The charged Higgs boson mass matrix in the weak basis (H
with the sub-matrices
, where the charged Higgs mass parameter m 2
4 reads as in the MSSM. The mass matrix of neutral R-Higgs bosons is
It is diagonalized by an orthogonal matrix with mixing angle θ R . Because of the R-symmetry the charged R-Higgs bosons do not mix and the mass eigenvalues are given as
Tree-level chargino and neutralino masses
For completeness and to fix the notation, we give below expressions for tree-level masses and mixing matrices of the charginos and neutralinos.
In the weak basis of eight neutral electroweak two-component fermions:
with R-charges +1, −1 respectively, the neutralino mass matrix takes the form of
The transformation to a diagonal mass matrix and mass eigenstates κ i and ψ i is performed by two unitary mixing matrices N 1 and N 2 as
and physical four-component Dirac neutralinos are constructed as
The mass matrix of charginos in the weak basis of eight charged two-component fermions breaks into two (2 × 2) submatrices. The first, in the basis
of spinors with R-charge equal to electric charge, takes the form of
The diagonalization and transformation to mass eigenstates λ ± i is performed by two unitary matrices U 1 and V 1 as
28)
and the corresponding physical four-component charginos are built as
The second submatrix, in the basis (W − , R − u ), (T + ,H + u ) of spinors with R-charge equal to minus electric charge, reads
The diagonalization and transformation to mass eigenstates η ± i is performed by U 2 and V 2 as
and the other two physical four-component charginos are built as
Calculation setup and benchmark points
An analysis of the phases of fields and parameters in the superpotential eq. (2.5), the softbreaking terms, eqs. (2.7) and (2.12), and the tadpole eqs. (2.16) leads to the conclusion that it is possible to choose
and µ u positive using the free phases of S,T ,Ô,R d ,R u . It then must be allowed for v S and v T to become positive or negative, as required by the tadpole equations. Also the sign of the couplings λ and Λ is not fixed. B µ can be chosen to be positive by the usual PQ-symmetry. All other soft masses need to be positive to avoid unwanted charge or color symmetry breaking. In table 2 1 we define benchmark points which represent regions of the MRSSM parameter space with distinct characteristics. It will be shown in the following sections that they are in agreement with experiment and they will serve as starting points for scans of the parameter space. The SM input parameters are [32] α MS (m Z ) = 127.940 For the computational calculations in the MRSSM the Mathematica [33] package SARAH [34] [35] [36] [37] [38] v4.3.5 is used. A model file for the MRSSM defined there has been modified to match with our model definitions as specified in section 2.1. With SARAH, an MRSSM version of the spectrum generator SPheno [39, 40] has been created. This allows us to calculate the mass spectrum of the model at the full one-loop level. With the recent framework FlexibleSUSY [41] v1.0.2, a second spectrum generator was generated which has similarities with Softsusy [42, 43] and which was used for comparison. The correctness of all calculations was checked at great length, and especially details for the calculation of the Higgs and W boson mass will be presented in the following sections 3 and 4. In section 5 we will then show how it is possible for MRSSM to accommodate both the lightest Higgs boson mass of 125 GeV and the correct W boson mass and which regions of parameter space are still viable for the model.
Higgs boson mass prediction at one loop
In section 2 it was noted that mixing with the additional scalars can reduce the tree-level lightest Higgs boson mass significantly, see eq. (2.20). Therefore, loop corrections to the Higgs boson mass play even more significant role than in the MSSM [44] [45] [46] . New, non-MSSM loop corrections can balance the tree-level reduction and can be helpful in lowering the fine-tuning in the model. 2 To calculate the Higgs boson pole mass at the one-loop level, we renormalize the parameters of the model in the DR scheme and choose v d , v u , v S and v T to be given by the minimum of the loop-corrected effective potential. 3 Then the pole mass m 2 pole of a field is given by the pole of the full propagator
where p is the momentum,m 2 the tree-level mass matrix andΣ(p 2 ) the finite part of the self-energy corrections. Here and in the following sections, mass parameters with hats denote DR-renormalized tree-level quantities fulfilling the relations of section 2, while mass parameters without hats denote loop-corrected pole masses.
Full one-loop calculation
The one-loop self energies have been computed exactly using FeynArts [49] , FormCalc [50, 51] and Feynman rules generated by SARAH. They are also implemented in the spectrum generators generated by SARAH and by FlexibleSUSY as described in section 2.4. We have verified that all three implementations agree. As a further check we computed the self energies in the effective potential approximation (see below) and found agreement for the gauge-independent part. Therefore, eq. (3.1) can be analyzed at complete one-loop order. Due to the momentum dependence of self-energies, no direct solution for m 2 pole can be given, but has to be found iteratively.
Effective potential approach
It is beneficial to complement the full calculation with a compact approximation of the leading behavior. Loop contributions to the Higgs boson masses can be approximated by neglecting the p 2 dependence within the self-energy in eq. (3.1). Then the self energyΣ(0) can be obtained from the second derivatives of the effective potential [52] , which is given by
summing over all fields with Higgs field dependent mass matrix M 2 i and spin S i in the DR scheme and Landau gauge. As no implicit dependence on the momentum remains, eq. (3.1) can be solved directly for the one-loop corrected mass matrix:
Eigenvalues of this matrix give then an approximation to the pole masses of corresponding mass eigenstates. For illustration we use again the limit leading to eq. (2.20), λ = λ u = −λ d , Λ = Λ u = Λ d and v S ≈ v T ≈ 0, and assume large tan β. Then, the lightest Higgs state is given mainly by the φ u component and only the (φ u , φ u )-component of the mass matrix in eq. (2.19) needs to be considered. Simple analytical expressions can then be derived by expanding V 1L eff in powers of φ u , where terms of higher order than O(φ 4 u ) will be suppressed by denominators containing m 2 S and m 2 T . The most important contributions are the ones governed by four powers of λ/Λ. The one-loop terms are given by
This result agrees with ver. 2 of [28] . Note that the logarithmic terms have a similar form as the stop-top contributions
This, of course, can be explained with similarity of the Yukawa and λ/Λ terms in the superpotential in combination with theĤ u field. For the numerical analysis no approximation and expansions are performed and the full dependencies of the effective potential are taken into account.
Comparison of different calculations and higher-order uncertainties
In the plots of figure 1 the different predictions (tree-level, effective potential, full one-loop) for the lightest Higgs boson mass are shown as functions of one of the couplings Λ u (solid), λ u (dashes), and Λ d (dots). For every line, the corresponding parameter is varied and all the others are set to values given by benchmark point 1 (left plot) and 3 (right plot) from table 2 4 . As described in section 2.2, the tree-level mass (magenta) is reduced significantly below m Z cos β for large values of Λ u and λ u as the mixing of the doublets with the singlet and triplet components gets enhanced. The parameter Λ d generally has no strong influence on the prediction even for a low tan β = 3. The general asymmetry of the plots with regard to the sign of the Λ's originates from the dependence of the off-diagonal elements in the tree-level Higgs boson mass matrix.
The one-loop effective potential (blue) and full one-loop (red) predictions both show the large positive contribution from top Yukawa as well as the Λ/λ enhancement. As described by eq. (2.20), the tree-level Higgs boson mass will show a quadratic dependence on the Λ/λ, while the one-loop contribution given by eq. (3.4) has a quartic dependence, explaining the behavior of the sum.
The contribution from the top/stop Yukawa alone can be read from the solid lines at Λ u = 0, since then only stop/top contributions are significant. It can be seen that in the MRSSM a stop mass of one TeV, as set in the benchmark points, is not enough to achieve the correct value of the Higgs boson mass, due to the absence of left-right mixing. But the additional Λ/λ contributions can push it to the experimental result for values of Λ u close to unity 5 . This is clearly seen in table 3, where contributions from different sectors of the MRSSM model to the lightest Higgs boson mass are shown. In particular, the low values of tan β require a larger value of Λ and heavier R-Higgs bosons to compensate the significant 4 For large couplings λ/Λ the mixing with singlet and/or triplet states gets too strong and tachyonic states appear at tree level. The lines in the plots end at those values of λ/Λ beyond which this happens.
5 Note that we define Λ u/d differing by a factor of √ 2 compared to the conventional form of a Yukawa term due to our normalization of the triplet field. To get an estimate of the higher-order corrections, we follow the discussion in [53] . There, two-loop corrections from the strongly interacting sector and their implementation in different spectrum generators for the MSSM and, among other things, different higher order contributions in the DR scheme are presented. These two-loop corrections are usually positive and contribute around 3−5 GeV. Similar effects from the strongly interacting sector should also exists in the MRSSM. Calculating in the DR scheme we expect similar positive corrections of order O(α S α t ). Although quantitative differences due to the Dirac nature of the gluino in the MRSSM might appear, the main contribution from gluon diagrams should be identical. Effects of order O(α 2 t ) should behave similar to the MSSM, with small and usually negative contributions, see table 5 of [53] .
As in the one-loop calculation, we expect that effects of the order O(α 2 Λ +α 2 λ +α Λ α λ ) will have a similar impact as these subleading effects, due to the already noted similarity of the parameters in the superpotential. A quantitative analysis of all these two-loop effects is left for future work and we estimate a theoretical uncertainty for the lightest Higgs boson mass of 6 GeV for our one-loop mass calculation, based on an expected two-loop contribution of up to 5 GeV and the two-loop uncertainty of 1 − 3 GeV given in [53] .
W boson mass prediction at one loop
The mass of the W boson is one of the most precisely known electroweak precision observables and plays a crucial role in constraining extensions of the SM. The SM and MSSM loop corrections to m W are dominated by the top Yukawa coupling. We have seen that the new superpotential couplings λ u,d , Λ u,d of the MRSSM influence the Higgs boson mass similarly to the top Yukawa coupling -hence it is to be expected that the W boson mass has a significant dependence on these new couplings. Here we present the higher-order computation of the W boson mass in the MRSSM, which can then be used to constrain the MRSSM parameter space.
Master formula for m W
Like for the Higgs boson mass, an appropriate scheme is the DR scheme. The calculation can then be organized as in ref. [54] for the SM; a major difference is theimg appearance of the additional Higgs triplet with non-vanishing vev, which enters already at lowest order (see refs. [55, 56] for computations of m W in Higgs triplet models).
Beyond tree-level the W boson pole mass m W can be obtained from the precisely known muon decay constant using the relation
As in the previous section,α,ŝ 2 W =ĝ 2 1 /(ĝ 2 1 +ĝ 2 2 ) are DR-renormalized running parameters of the MRSSM. The denominator (1 − ∆r W ) contains quantum corrections from the W boson self-energy, process dependent box-and vertex-type contributions and counterterms; it also properly resums leading two-loop SM corrections [54] .
Expressing the weak mixing angle asŝ 2
Zρ in terms of the parameterρ, defined asρ
we obtain the master formula for the W boson mass
Hence we need to compute the three quantitiesα,ρ, and ∆r W , all of which depend on the entire particle content of the model. Before discussing these computations it is instructive to expand eq. (4.3) in small shifts by writing each of the quantities q = m W ,α,ρ, ∆r W in the form of q = q ref + δ(q). We then obtain 
Computational framework
We now describe the computation of the three quantitiesα,ρ, ∆r W . The DR running electromagnetic couplingα in the MRSSM can be obtained from the known running SM couplingα MS,SM (m Z ) by applying MRSSM threshold corrections and adding finite counterterm which converts from MS to DR. These are
where α is the electromagnetic coupling in the Thomson limit. In our case this expression is always negative, reducing the value of the running couplinĝ
For the benchmark points defined in section 2.4 we obtain
Large corrections to the W boson mass originate in theρ parameter defined in eq. (4.2). In the SM, the dominant contributions arise from top/bottom loop; in the MRSSM there are not only loop contributions but already a tree-level contribution due to the presence of the Higgs triplet with a vev v T as already pointed out in eq. (2.17). This is used to define the tree-level shift ∆ρ tree usinĝ
Herem V (V = W, Z) are the tree-level DR masses given by eq. (2.17) and related to the pole masses m V bym
whereΠ T V V denotes the finite part of the respective transverse vector boson self energy. The loop contributions toρ are given bŷ 10) and the fullρ can then be approximated bŷ
neglecting products of the form ∆ρ tree ∆ρ. The remaining quantity ∆r W can then be written as [54] ∆r W = ∆ρ(1 − ∆r) + ∆r, (4.12)
The term δ V B contains vertex and box diagram contributions to muon decay; it is detailed in the Appendix B. It is worth noting that in these equations only the loop contributions toρ appear. This way of writing the contributions and the master formula (4.1) automatically resums leading reducible two-loop contributions; further leading irreducible SM-like two-loop contributions can also be incorporated easily [54, 57, 58] . This calculation has been implemented numerically with the help of SARAH, appropriately modified to take into account the Higgs triplet contributions.
Qualitative discussion
In our numerical analysis and plots of the W boson mass we use the full MRSSM one-loop results for ∆α DR,MRSSM , ∆ρ, ∆r W including leading two-loop contributions as incorporated in eq. (4.1).
Here we discuss the leading behavior, particularly focusing on the dependence on the new parameters λ u,d , Λ u,d . These enter in the sectors involving charginos/neutralinos, Higgs bosons and R-Higgs bosons. The pure one-loop approximation, eq. (4.4), can be recast in a form using the electroweak precision parameters S, T and U [59] [60] [61] [62] [63] [64] as
The main contribution to m W from the MRSSM can be described using the T parameter
for realistic scenarios, i.e. for each sector the contribution to the bracket on the r.h.s. of eq. (4.4) is well approximated byαĉ 2 W T . Calculating S, T and U has the additional benefit that theses parameters can be used in the calculation of many electroweak precision observables. Therefore, strong bounds exist from fits to a large number of such observables [32] .
In order to qualitatively understand the leading behavior and to further illustrate the complexity and richness of the MRSSM, we will consider all three sectors in turn and derive various limits of phenomenological and conceptual interest. All limits assume large tan β and neglect v d,S,T .
• Charginos/neutralinos, interplay of Λ u and Dirac masses: In the parameter regions considered in the present paper, the chargino/neutralino sector provides the largest contributions to m W , and the most influential parameters are Λ u , λ u and the Diractype mass parameters µ u , M D W,B . For the simplified case λ u = g 1 = 0 and µ u = M D W we obtain 
Hence the main dependence on the new superpotential couplings Λ u , λ u is the one of a fourth-order polynomial.
• Charginos/neutralinos as vector-like fermions: The dependence on the Dirac-type mass parameters can also be understood in a different way. If all couplings g 1,2 , λ u,d , Λ u,d vanish, the charginos and neutralinos simply correspond to new, vector-like fermions (a singlet, a triplet, and two doublets) with vanishing T . As an example with non-vanishing couplings and mixing we consider the N = 2 SUSY limit g 1 = √ 2λ u = √ 2λ d and g 2 = Λ u = −Λ d . For the vector-like limit we then set Λ u = 0 in the neutralino/chargino tree-level mass matricies and theS-B singlet and theR u -H u doublet mix just like the vector-like fermions considered in ref. [65] . Keeping the masses µ u and M D B independent, with x = µ u /M D B , we obtain
Compared to eq. (4.16), the couplings are fixed but the Dirac-type masses enter individually. In the limit µ u → M D B , or x → 1, this equation reduces to 18) which can also be obtained from eq. (4.16), applied in the appropriate limit.
• Charginos/neutralinos, no Dirac masses: The above formulas apply for sufficiently heavy Dirac masses. The opposite case is M D B,W = µ u,d = 0. In this limit we obtain
D as in the previous formulas. The first term (corresponding to Λ u → 0) is identical to the SM top/bottom contribution up to the color factor and replacements Y t → λ u , Y b → 0, because of the parallel structure of the λ u and Y t -terms in the superpotential. The gauge-coupling terms in eq. (4.19) are obtained by the replacements √ 2λ u → g 1 , Λ u → g 2 , reflecting the structure of the chargino/neutralino mass matrices and the N = 2 SUSY limit.
• Higgs sector: The Higgs sector contributions depend on the same coupling constants, but the Higgs boson masses are also governed by the soft parameters m 2 S,T , which are large in all our examples. The approximation when using the gauge-less limit and setting µ u = µ d = M D B = M D W = λ u = 0 to fulfill the tree-level tadpole equations is given as
It has a qualitatively similar coupling dependence, but the contribution is significantly smaller than the ones of the chargino/neutralino sector as m T is much greater than M W D .
• R-Higgs sector: The contributions from the R-Higgs sector have a structure similar to the stop-sbottom contribution [66] ,
where , mixing between the R-Higgs bosons and the mass-splitting between neutral and charged R-Higges is suppressed leading to negligible contributions to T .
Comparison of full and approximate results
The previous approximations, particularly eqs. (4.16, 4.21) , provide useful qualitative insight into the parameter dependence of m W . Figure 2 shows how well various approximations agree quantitatively with the full calculation of m W . All lines plotted in the figure contain the full SM contribution, but the MRSSM contributions are taken into account either completely, or only via the T -parameter in various approximations, or from the treelevel triplet vev contribution.
We see that the chargino/neutralino approximation (4.16) already gives an excellent approximation to the full T -parameter. The T -parameter, together with the tree-level triplet vev contribution, provides a good approximation to the full result. The remaining difference from non-T -parameter oblique corrections, vertex and box contributions, and leading higher loop contributions, is between ±20 MeV, except for Λ u >1.5. 
Numerical predictions
In the following we present a thorough analysis of the viable parameter space of the MRSSM. As was shown in sections 3 and 4, the benchmark points of table 2 can accommodate both Figure 3 . Particle mass spectra for tan β = 3 (top-left), tan β = 10 (top-right) and tan β = 40 (bottom).q denotes all 1st and 2nd generation squarks. Plots done using PySLHA [67] . the mass of the lightest Higgs boson as well as are in agreement with the measured W boson mass. In the following we will present the mass spectra for the benchmark points and explore the parameter space around them.
Mass spectra
After fixing the critical parameters to account for the Higgs and W boson masses, other parameters of BMP1-BMP3 have been chosen to produce sufficiently heavy states as to not come into conflict with exclusion bounds from direct collider searches. Figure 3 shows mass spectra for the benchmark points of table 2 and table 4 gives numerical values for lightest states in each sector. The calculation of particle spectra have been performed including oneloop corrections using the SPheno code generated by SARAH. The results have been checked against the ones from FlexibleSUSY, and an agreement of the order of a few percent has been achieved.
A number of comments is in order:
• Heavy charged and neutral CP-even and odd Higgs bosons are composed mainly from S and T fields. Their masses are driven by large m S and m T soft masses, which in turn are needed to make v S and v T small 6 . This leads to the hierarchy between them visible in the first column of every plot in figure 3.
• Due to the lack of left-right sfermion mixing and choice of common value for soft masses the small mass splitting between left-and right-chiral sfermions is caused by the corresponding fermion masses and the Dirac mass parameters that enter via Dtems, see eq. (2.7). In all BMPs the third-generation squarks and all sleptons are roughly mass degenerate with masses of order 1 TeV
• The R 2 , R ± 2 states for the BMP1 are significantly heavier than in BMP2 and BMP3 since the loop-corrections from R-Higgs bosons have to account for a lower tree-level mass of the lightest Higgs boson, c.f. table 3.
• In all benchmark points charginos and neutralinos are well below 1 TeV; in the BMP3 the lightest neutralino is as light as ∼ 250 GeV.
• Table 4 shows that many of the new states should be accessible kinematically at the LHC. Note that the Dirac nature of gauginos, together with R-charge conservation, implies distinctly different signatures in comparison to the MSSM. The study of phenomenological implications of our BMPs for the LHC physics is left for future work.
Exploring the parameter space
It is interesting to explore the parameter space around our benchmark points to show the range of parameters satisfying both the Higgs boson mass and m W constraints. We first recall that for both the Higgs and W boson masses m H 1 and m W , large scalar masses (compared to chargino/neutralino masses) are favorable, and the benchmark points are chosen accordingly. The large mass ratio enhances the loop contribution to m H 1 and suppresses the contribution of the new scalars to m W , see the approximations in eqs. (3.4) and (4.21) and comments there. The exact values of the scalar masses are thus not very important, and therefore in all plots they will always remain fixed to their benchmark values.
The plots can be understood by noting that the new contributions to the m W prediction are dominated by the neutralino/chargino contributions to T . The parameter dependence figure 4 gives the behavior of the parameter combination λ u , λ d . For this combination the change in tan β with the benchmark points has the strongest influence. As is to be expected, the down-type parameter λ d has a particularly noteworthy effect for small tan β. Nevertheless, even for tan β = 3, the dependence of both m H 1 and m W on the up-type parameter λ u is much stronger. Therefore, in all the following plots the value of λ d is kept fixed to the values of the benchmark points.
The second row in figure 4 shows the Λ 4 u and λ 4 u behavior for m W , as expected from the approximate result in eq. (4.16). The Higgs boson mass dependence is also compatible with the previous estimates and figure 1, although some contours in the plots are cut off due to tachyonic states. Both the Λ 4 , λ 4 -behavior from eq. (3.4) and the asymmetry in Λ u and λ u from the tree-level reduction in eq. (2.20) are clearly visible. Owing to the sensitivity of both observables m W,H 1 to both parameters, the region where both experimental constraints are satisfied is quite narrow, but agreement with experiment is possible.
In the third row the scan over the two Dirac mass parameters µ u and M W D is shown. The correct Higgs boson mass can be found in a region where the tree-level reduction, eq. (2.20), is sufficiently small. The tree-level reduction stays small for sufficiently small Dirac masses (compared to the scalar masses m T,S ), resulting in an elliptic shape of the contours of correct Higgs boson mass (the axes are controlled by the ratio of g 2 and Λ u ).
The behaviour of m W can be described using the vector-like limit in eq. (4.17). The Higgs boson mass prefers smaller values of the Dirac masses, while the W boson mass prefers larger values, but there is a significant overlap.
The lower row in figure 4 shows the behavior with respect the two Dirac gaugino masses
As in the previous plots, too large Dirac masses reduce the loop contributions to m H 1 significantly and contribute strongly to the tree-level reduction, so that it is not possible to reach the correct Higgs boson mass. This is the main driving force for relatively light gauginos in all benchmark points. Note however that too small Dirac masses provide too large contributions to m W , as can be understood from the T -parameter approximation in the vector-like limit. It should be added that the impact of the bino mass parameter M B D is far less important than the one of the wino mass parameter M W D . Figure 5 shows the parameter planes (µ u , λ u ), (µ u , Λ u ), and (M B D , λ u ). It confirms the fact that the λ/Λ couplings are most important. The Λ 4 u and λ 4 u behavior is again visible; the tan β = 40 plot in the top row shows a rather flat behavior of m H 1 for a range of λ u , which is equivalent to the λ u -dependence in figure 1 .
Generally, the plots in figure 5 explicitly show that changes in the Dirac masses can be compensated by changes in λ u /Λ u such that m W,H 1 agree with experiment. The required values of λ u orΛ u are typically close to −1; their absolute values are thus similar to the top Yukawa coupling. In particular, the plots again show that the higgsino Dirac mass µ u has larger influence than the bino one, M B D . In the first two rows of figure 5 one of the couplings Λ u /λ u is varied against µ u . The dependence of m H 1 on µ u shows a structure which again can be understood by the reduction formula, eq. (2.20), while the vector-like approximation of T (4.17) for m W . Here, the minimum of T is given by µ u = M W D and the contributions are increasing for a larger mass splitting. The last row of figure 5 shows the variation of λ u and M B D and makes it clear that the bino Dirac mass only has a mild influence on the mass predictions, also justifying that the minimum of T as a function of µ u in the plots before is given by M W D instead. All these plots show that a suitable range for the input parameters exists to meet the correct value for m W and m H 1 but that it is non-trivial to find regions where both constraints are fulfilled. These regions are characterized by at least one large λ/Λ coupling, high scalar masses to reduce the tree-level reduction of m H 1 and minimize the T parameter, as well as relatively low higgsino and gaugino Dirac masses to minimize tree-level reduction. Table 5 shows a compilation of different predictions for our benchmark points. As argued in the introduction, the MRSSM can accommodate proper Higgs boson mass of around 125 GeV with relatively light stops of around 1 TeV, without any left-right mixing which is absent in the MRSSM. The W boson mass is also found in agreement with the experimental value from combined LEP and Tevatron measurements m exp W = 80.385 ± 0.015 GeV [32] . This can be compared with the SM theory prediction m theory,SM W = 80.362 ± 0.010 GeV [68, 69] . The Higgs sector of the benchmark points was checked against existing experimental data using HiggsBounds [70] [71] [72] [73] show that all benchmark points are not excluded by the experimental data included in those codes.
Experimental constraints
In section 4 we described that the main contribution to m W from the MRSSM can be effectively described using the S, T , U parameters. The values of the three parameters for our BMPs given in table 5 fulfill the expectation that the T parameters gives the largest contribution in eq. (4.14), while the next-to-largest is always given by S and an order of magnitude smaller. All values are allowed by the fits to electroweak precision observables.
The Higgs potential of the MRSSM was checked for possible presence of deeper minima in the {v d , v u , v S , v T } space using Vevacious [76] v1.1.00. Within the validity of approximations used by Vevacious, none were found. Searches for deeper charge-and/or colorbreaking minima were not performed, as we expect none of them due to the absence of A-terms in the MRSSM [77] .
We checked also selected low energy b−physics observables, namely B → X s γ, B s/d → µ + µ − and ∆M B s/d using SARAH's FlavorKit interface and found agreement with measurements, as expected from [10] . Finally the effective couplings of the lightest Higgs boson to quarks, leptons and gauge bosons, normalized to the SM value, are listed in table 6. The enhanced couplings to the down-type fermions result from the admixture of φ d to the lightest Higgs boson.
Conclusions
Models with a continuous R-symmetry contain the complete set of possible types of symmetries in a relativistic quantum field theory. They are phenomenologically appealing for a variety of reasons, e.g. they solve the SUSY flavor problem and relax direct search limits from the LHC. The minimal model, the MRSSM, contains many new states, in particular R-Higgs doublet and singlet/triplet superfields, whose fermionic components partner with the usual higgsinos and SU(2)×U(1) gauginos to give Dirac-type gaugino and higgsino masses.
In For the case of the W boson mass, there exists a limit (for vanishing Dirac higgsino/gaugino masses) in which the λ/Λ-contributions have the same structure as the ones from the top/bottom sector. However, in the more likely case of non-negligible Dirac mass parameters (which have no counterpart in the quark sector), the behavior is different. The interplay between the λ/Λ's and the Dirac mass parameters has a strong impact on the W boson mass.
To summarize: the experimental values of m W and m H 1 impose stringent and nontrivial constraints on the model parameters. Nevertheless it is easy to identify regions in the parameter space which accommodate the observed values. These regions are characterized by at least one large λ/Λ coupling and high scalar masses to reduce the tree level reduction of m H 1 and minimize the T parameter, as well as relatively low higgsino and gaugino Dirac masses to minimize tree level reduction.
The proposed benchmark points contain many of the new states within the kinematical reach at the LHC, in particular supersymmetric fermions. Given the Dirac nature of gauginos, together with R-charge conservation, distinctly different signatures in comparison to the MSSM are expected. This motivates further dedicated studies of phenomenological implications of our benchmark points for LHC physics. 
A Feynman rules
In this Appendix we present Feynman rules for vertices needed in Appendix B, which are peculiar for the MRSSM model due to the Dirac nature of neutralinos and different composition of charginos.
where P L = (1 − γ 5 )/2 and P R = (1 + γ 5 )/2. The couplings to quarks/squarks can easily be reproduced by simple substitutions. For simplicity the above rules assume no intergeneration mixing of sfermions.
B Calculation of vertex and box contributions to muon decay
Here we give an explicit formula for the MRSSM-specific contributions to δ V B where δV and B are vertex-and box-corrections for muon decay and δZ i L stands for the external wave function renormalization of the lepton i.
• External wave functions renormalization A generic diagram contributing to the renormalization of the external wave functions is shown in figure 6 . Decomposing the general fermion self-energy −iΣ f f as • Vertex correction Figure 7 contains non-SM corrections to the muon decay vertex. The corresponding analytic expression for the amplitude reads Figure 7 . Non-SM corrections to µ − → W − ν µ decay vertex. Diagrams proportional to the muon Yukawa are not shown.
